I. INTRODUCTION
Photovoltaic devices that turn sunlight directly into electricity offer a competitive and limitless source of energy provided that their light capture and conversion efficiencies can be improved while using a small amount of semi-conductor material. The earth receives solar radiation of up to 1:7 Â10
17 W in the upper atmosphere 1 whereas the rate of current worldwide energy consumption is about 10 000 times smaller at $1:6 Â 10 13 W. However, nearly half of the cost of fabrication of the so-called first generation of solar cell modules currently used comes from the silicon wafer itself. 2, 3 These first generation solar cells require bulk semi-conductor slabs, a few hundreds microns thick, and provide power conversion or external quantum efficiency (EQE) of roughly 10%. A second generation already exists in which the costly semiconductor medium is textured into thin films, with substantially reduced costs but generally a lower EQE. 4 This poor solar power utilization stems from our inability to optically control a sequence of light harnessing processes: solar collection, solar absorption, and solar spectral bandwidth utilization.
While silicon is a promising photovoltaic material for its long term reliability, natural abundance, and compatible electronic band gap, the indirect nature of this band gap makes long wavelength absorption problematic in thin films.
The dispersion properties of crystalline silicon imply a broad range of absorption lengths (depicted in black in Fig. (1) ) ranging from 10 nm at a wavelength of 400 nm to almost 1 cm at a wavelength of 1:1 lm. Four different spectral windows in the solar spectrum received on earth are highlighted Fig. (1) . In the bluish region (k < 450 nm), electron-hole pairs are generated very close to the surface, which can lead to enhanced radiative recombination before collection. The greenish region (450 nm < k < 800 nm) corresponds to a charge carrier generation in the volume of the silicon. Some fraction of these carriers is lost through nonradiative Auger and Shockley-Read-Hall recombinations. In the reddish region (800 nm < k < 1200 nm), the absorption length in silicon is very long, and several hundreds of microns in bulk thickness are needed for substantial carrier generation. However, if these carriers are generated too far from the P-N junction, where charge separation occurs, they will likely be lost due to recombination. A challenge common to all three spectral windows above arise from the fact that the photon energy is substantially greater than the electronic bandgap of silicon. Roughly one-third of available solar power is lost when so-called hot carriers lose energy by thermalization 5 and drop to the energy of the electronic band gap of silicon. This occurs by interaction with phonons and on the time scale of tens of picoseconds after carrier generation. This thermalization loss is particularly significant for very energetic photons of the bluish region of Fig. (1) . A major improvement in solar cell efficiency could be achieved if carriers generated by these photons can be separated and collected before complete relaxation to the electronic band edge states. 6, 7 Nano-structured photonic crystals can considerably reduce the time scale between carrier generation and collection. Finally the white region (k > 1200 nm) in processes such as photon up-conversion [8] [9] [10] or the use of another semiconductor of lower electronic band gap.
From a purely optics perspective, a significant factor in the inefficiency, if conventional silicon-based solar energy conversion devices, is their inability to trap incoming photons from the sun over a broad range of incident angles and a broad range of incident frequencies. In conventional silicon thin films the majority of incident sunlight is transmitted or reflected rather than absorbed. While specific structuring of thin films can provide resonant absorption at specific frequencies and specific incident angles, 11 a simple, broadband, wide-acceptance-angle thin-film architecture has yet to be implemented for light trapping and solar energy harvesting. Photonic crystal (PC) materials are periodic nano-structured dielectric materials with engineered periodicity in the range of one-third to one-half the wavelength of light. The most fundamental property of PC materials is their ability to trap and localize light. 12, 13 They also enable redistribution of the electromagnetic density of states (DOS). While PCs are often associated with the creation of a complete band gap, they can also provide significant enhancements of the photonic DOS in spectral ranges of importance to optical absorption. Such enhancements are often associated with modes exhibiting slow group velocities and long optical dwell times, leading to absorption even when the intrinsic absorption length scale of the bulk material is very long. Moreover, it is possible to engineer the refractive coupling between external plane waves and modes in enhanced photonic DOS. The Bloch nature of electromagnetic modes in the PC enables strong focussing of light intensity in specific regions where absorption or nonlinear response are desired. PC materials offer new and unexplored avenues to address the fundamental issues of photon management and electron management detailed above. PC architectures enable entirely new degrees of freedom to tailor the behavior of the solar cell to the solar spectrum as well as embed charge separation and collection structures in novel ways to circumvent electronic loss mechanisms.
The idea of periodically structured matter in solar cells has been considered in the recent literature. 1D, 14 ,15 2D, [15] [16] [17] and more recently 3D [18] [19] [20] structures have been proposed. These consist of diffraction gratings to improve the air-to-solar cell coupling (antireflective) or improve the confinement of light inside the solar cell (back-reflector). Patterning the light absorbing region of the solar cell itself has also been considered. Mallick et al. 21 proposed a 3D structuring of the active region, providing improvement of the optical absorption compared to an unstructured bulk material. Their structure is 2D photonic crystal of stacked nano-holes of two different diameters together with metallic a back reflector.
Another promising architecture is the silicon nanowire array. 23, 24 Several recent experimental realizations [25] [26] [27] [28] have shown reasonable agreement with numerical simulation of optical reflection and transmission. 29, 30 These architectures offer more proximal collection of generated charges inside the absorber by a radial construction of the P-N junction around the nanowire. However, neither optimization of 2D photonic crystal properties of existing nanowire arrays nor patterning in the third dimension has been considered.
In this paper, we propose and demonstrate the efficacy of modulated silicon nanowires that form 3D simple cubic photonic crystals in order to exhibit better solar absorption than their straight counterparts. This is largely achieved through a sinusoidal modulation in radius of the middle section of the nanowires that leads to a three-dimensional (3D) simple cubic (SC) photonic crystal. This photonic crystal has enhanced electromagnetic density of states in targeted parts of the solar spectrum. The relevant electromagnetic modes exhibit a slow group velocity and act as a continuous spectral distribution of high quality optical resonances with strong light focussing in specific regions of the modulated nano-rod PC. Coupling of sunlight from nearly any incident angle occurs through the phenomenon of parallel-to-interface (negative) refraction (PIR). 31 This leads to a long dwell time for light for a thin film structure even in a spectral range where the intrinsic absorption of silicon is weak. The top section of each nanowire is tapered in the form of a cone to provide an effective graded average refractive index for incoming light. The bottom section of each nanowire is FIG. 1. Spectral irradiance AM1.5 of the sun incident on the surface of earth (global tilt 40 , in red) and absorption length (in black) of crystalline silicon. 41 The colored background highlights issues peculiar to each spectral regions. The bluish region corresponds to very energetic photons that suffer strong losses due to thermalization. The greenish region corresponds to the peak of solar emission. The absorption in the cell should be as strong as possible while the absorption length in silicon increases exponentially. In the reddish region, the absorption length exceeds 100 lm and a strong light trapping mechanism is essential. The white region corresponds to photons with energy below the band gap of crystalline silicon. In order to address this spectral window, nonlinear spectral conversion mechanisms and/or other semi-conductor materials of lower band gap, such as germanium, should be considered. modulated so as to provide a one dimensional photonic crystal back-reflector whose reflection spectrum is continuously red-shifted as light propagates deeper within the nanostructure. A first set of modulation parameters is shown to provide better absorption properties than any straight 2D nanowire photonic crystal of the same equivalent bulk thickness of silicon. A second set of modulation parameters, applied to the base section of each nanowire, is shown to provide back-reflection of light not already absorbed in the upper two sections of the nano-rods. Unlike a conventional metallic mirror, our dielectric back-reflector is part of the active region of the solar cell and contributes considerably to the photo-generated currents. Finally, we show that a nearly 25% enhancement in photo-current can be obtained by means of a compositional modulation of the form Si x Ge 1Àx , where x varies linearly from zero at the top of the base section to unity at the bottom.
II. SOLAR ABSORPTION IN THE WAVE OPTICS REGIME
A. Maxwell's equations in a thin film photonic crystal
When light impinges on a photonic crystal solar cell consisting of a three-dimensional nano-structure with feature sizes and periodicity less than the optical wavelength, Maxwell's equations must be numerically solved in their general vector form. This wave optics regime offers new opportunities for efficient light harvesting not found in the first generation of photovoltaic cells consisting of a simple silicon bulk material operating in the ray optics regime, where the simplest form of the Snell-Descartes law applies. We consider 3D photonic crystal slabs as depicted in Fig. 2 , with lattice constants a x , a y , and a z in the respective x, y, and z-directions. An incident plane wave with with time dependance expðÀi x tÞ is described by the following field amplitude
Here, the wave vector is denoted k 0 ¼ ½k 0x k 0y ; k 0z ¼ ½Àsinh 0 cosu 0 ; Àsinh 0 sinu 0 ; Àcosh 0 and the amplitude
z ¼ E 0 ½cosw 0 cosh 0 cosu 0 À sinw 0 sinu 0 ;cosw 0 cosh 0 sinu 0 þ sinw 0 cos u 0 ;Àcosw 0 sinh 0 , where u 0 2 ½0;2p, h 0 2 ½0;p=2 and w 0 2 ½Àp=2;p=2. The polarization angle w 0 is equal to 0 (resp. p=2) in the p-polarization (resp. s-polarization) case. The solar spectrum shown in Fig. 1 consists of an infinite superposition of plane waves of wavelength k 0 ranging from 270 nm to 2:5lm, wave-vectors with k 0z < 0, and all possible polarization angles.
The problem of optical diffraction and absorption corresponds to solving Maxwell's equations for the electric and magnetic fields (E, H) of fixed frequency x
curl H ¼ Ài x e 0 eðr; xÞ E; ð2bÞ ( such that the diffracted field satisfies an outgoing waves condition and where E and H are quasi-bi-periodic functions with respect to x and y coordinates. 32 Here e 0 and l 0 are the permittivity and permeability of free space. eðr; xÞ is the frequency dependent, spatially periodic dielectric function of the thin film solar cell and surrounding medium. It has both a real and imaginary part but is assumed not to depend on the intensity of the incident light. Since we consider nonmagnetic materials, we set l ¼ 1. The field diffracted by the photonic crystal slab can be obtained using an appropriate formulation of the finite element method (FEM) as detailed in Refs. 33 and 34. In comparison with the more commonly used finite-difference time-domain (FDTD) method, 35 FEM using tetrahedral unstructured volume mesh is well suited to the modelling of objects with arbitrary curved surfaces and oblique incidences. FDTD methods, developed for these purposes, include subpixel smoothing 36 and an iterative technique for oblique incidence. 37 FEM in frequency domain readily takes into account the dispersion of materials. We note that a modified Lorentz approximation could alternatively be employed to model the silicon dielectric function at 300-1000 nm range in FDTD. 38 Quantities relevant to solar energy harvesting are calculated as follows. Normalized absorption a s in the semiconductor can be obtained through the computation of the following ratio:
FIG. 2. Three dimensional simple cubic photonic crystal slabs have finite thickness in z-direction but are infinite along Ox and Oy, with lattice constants are denoted a z , a x , and a y . The three cells-thick photonic crystal made of modulated nanowires exhibits parallel to interface refraction (PIR). The incident solar spectrum can be sampled into an infinite superposition of incoherent linearly polarized plane waves of wave-vectors defined by the angles h 0 with respect to the z-axis, u 0 in the x-y plane and of polarization angle (between plane of incidence, in dark gray, and the electric field) w 0 .
Here, the subscript, s, denotes that we only include absorption within the silicon and the superscript, Ã , represents the complex conjugate. The numerator in Eq. (3) describes absorption in watts per unit cell area of the photonic crystal and is computed by integrating the absorption density over the volume V s of silicon inside one 2D-unit cell of the 3D thin film photonic crystal with complex isotropic dielectric constant e s . The denominator normalizes this absorbed power to the incident power, i.e., the time-averaged incident Poynting vector flux across the top surface of one 2-D unit cell (a rectangular surface S of area a x a y in the superstrate parallel to the x-y plane, with normal n oriented along decreasing values of z). Since E 0 is simply the incident plane wave defined at Eq. (1), the denominator in Eq. (3) is equal to ðE 2 0 ffiffiffiffiffiffiffiffiffiffiffi e 0 =l 0 p a x a y Þ=cosðh 0 Þ. We denote by E inc (resp. H inc ) the restriction of E 0 (resp. H 0 ) to the free space (air) superstrate, and
is the so-called diffracted electric (resp. magnetic) field. Reflection and transmission coefficients r and t are obtained from the field maps through the computation of the real part of the time-averaged Poynting vector as follows:
Here S sup (resp. S sub ) is a rectangular surface of area a x a y in the superstrate (resp. substrate) defining the top (resp. bottom) of the 2-D PC unit cell, whose normal, n, is oriented along decreasing values of z. We emphasize that the selfconsistency of our numerical scheme is guaranteed at each wavelength and incident angle since the reflection rðk; h 0 ; u 0 ; w 0 Þ is calculated using cuts of the EM field in the superstrate. The transmission tðk; h 0 ; u 0 ; w 0 Þ is calculated using cuts of the EM field in the substrate, whereas the absorption aðk; h 0 ; u 0 ; w 0 Þ is obtained by integration of the EM field values inside the interior absorbing regions of the photonic crystal. Therefore, r, t, and a are obtained independently, making use of the EM field values throughout the computation cell. Their sum is compared to unity as a final consistency check.
B. Optical performance measures of solar cells
An important benchmark for the power efficiency of a solar cell is the Shockley-Queisser limit. 39 The assumptions for this limit are (i) perfect absorption of all sunlight energies above the semiconductor electronic band gap, i.e., each photon creates exactly one electron/hole pair, (ii) complete and instantaneous thermalization of these charge carriers so that each generated electron drops to the bottom of the semiconductor conduction band and each hole rises to the top of the valence band, (iii) perfect collection of carriers, and (iv) radiative recombination is the only other loss mechanism. According to the so-called Shockley-Queisser detailed balance, a c-Si (band gap 1.124 eV at room temperature) idealized P-N junction under thermal equilibrium yields the following power distribution: (i) 20.4% of the available incident solar power contained in the spectral range [400 nm-4000 nm] is not absorbed in silicon since these photons have energy lower than the electronic band gap, (ii) 29.8% of the incident solar power is lost by thermalization of electrons generated by photons of energy higher than the band gap, leaving behind (iii) 49.8% of the incident solar power for potential conversion to electrical power. This value of 49.8% is then further decomposed into three channels: (i) 1.6% of the incident solar power is lost through radiative recombination, (ii) 14.3% of the incident solar power is lost because the voltage leading to the maximum output power of the cell is lower than the band gap energy divided by electron charge, leaving behind only (iii) 33.9% of the incident solar power to participate to the final output photocurrent. Under these simplified conditions, the maximum short circuit current J of the silicon solar cell is 42:3 mA=cm 2 . This energy balance takes into account the contribution of photons of energy over 1.124 eV, considering realistic solar data. 40 Considering the solar spectrum as a superposition of plane waves of arbitrary wave vector and polarization, the short circuit current, under the Shockley-Queisser conditions, can be deduced from Eq. (3)
Here, e is the electron charge, IðkÞ is the solar light intensity incident on the cell per unit area per unit wavelength per unit solid angle, h is Planck's constant, and c is the speed of light in vacuum. By dividing the incident intensity (energy per unit time per unit area) in Eq. (5) by the photon energy h c k , we obtain the number of photons absorbed per unit time per unit area. Assuming that each absorbed photon per unit time translates into a single electronic charge, e, collected per unit time, we obtain the short circuit current (Eq. (5)). Under these assumptions, this current J is sometimes called the maximum achievable photo-current density (MAPD) in the literature. 21 Most silicon-based designs are rather effective in the visible range, but their efficiency drops drastically above 750 nm. The superscript k max and subscript k min (wavelengthes given in nm) in Eq. (5) permit us to analyze the contribution of a portion ½k min ; k max of the spectrum to the overall J 1100 400 . One drawback in the calculation of the short circuit current (Eq. (5)) is the lack of angular information concerning the solar spectrum. The common reference solar measurements 40 are made with a detector that integrates the incident light power over all angles. Many solar cell performance tests are then based on collimating all of this solar power into a single beam at normal incidence to the cell. However, since a large amount of solar light arrives more than 45 off-normal incidence, the performance of the device at off-normal angles is important.
While earlier literature 21, 26, 29 considers performance based on all the solar power collimated into the normal direction and linearly polarized along one axis of the periodic structure, we extend the performance criterion to the case where all the solar power is collapsed into an off-normal wave-vector defined by the angles h 0 and u 0 with polarization angle w 0 . This leads us to define an angle-dependent short-circuit current J k max k min ðh 0 ; u 0 ; w 0 Þ. We emphasize again that this definition of the short circuit current is valid only under the ShockleyQueisser conditions: one photon incident in the semiconductor material leads to the generation and collection of one electron-hole pair, i.e., considering infinite carrier mobility and neglecting all non-radiative recombination losses.
In reality, a portion of the total solar power in the band ½k min ; k max is either transmitted through or reflected by the solar cell. This typically leads to power efficiencies considerably below the Shockley-Queisser limit. These fractions T
IðkÞ dk
corresponds to the fraction of incident solar energy contained in the spectral window ½k min ; k max that is irreparably lost, while T k max k min corresponds to the fraction of incident energy transmitted to the substrate, which could potentially be harvested using a second cell placed in tandem below the first. Finally, we specify the source of numerical data used for the different materials. All dielectric constants in this paper are linearly interpolated between the tabulated values given in Ref. 41 .
We now study the optical response of various solar cell architectures. The first step of our design consists of finding the most absorptive geometrical configuration of conventional unmodulated nanowires arranged in a 2D square lattice. We use this optimized 2D nanowire array (for a given equivalent bulk thickness of silicon) as a benchmark for evaluating more complex 3D nano-structures.
III. 2D PHOTONIC CRYSTAL OF SILICON NANOWIRES
In recent numerical studies of silicon nanowires, Hu et al. 29 compared the response of silicon nanowires floating in free space. Lagos et al. 30 considered the effect of varying specific parameters (periodicity, silicon filling fraction, height of the rods). Both these studies used fixed rod thickness, resulting in different equivalent slab thicknesses of silicon from case to case. In other words, the volume of semiconductor material changed while the structural parameters varied. As a result, it was not possible to ascertain whether the performance of the solar cell was improved due to the choice of geometrical parameters or due to the use of a larger amount of silicon.
In our model of a photovoltaic device, we consider modulated silicon nanowires fully embedded in a silica slab and resting on a quartz substrate. Although this additional packaging of the silicon photonic crystal in an SiO 2 background leads to further reflexion losses at the top surface of the solar cell, it provides mechanical stability and protection to the overall device. More importantly, our constitutive parameter analysis and optimization is performed using a fixed equivalent slab thickness of silicon. In other words, the actual mass of semi-conductor material used per unit area remains the same as we vary structural parameters. In this way, attention is focussed on the role of geometry and nanostructure in optimizing light trapping through changes in the electromagnetic density of states and wave guiding, rather than simply increasing the volume of absorbing material. Our study aims to identify optimum structures for overall solar light trapping and absorption using approximately one micron (or less) equivalent bulk thickness of silicon, with no metallic mirrors in the device.
In the case of a 2D PC consisting of straight-wall, cylindrical nano-rods, the variational parameters are the lattice, a, and the radius, r 0 , of the rods, given here as a fraction of a. The variation of J (3) and (5), with a and r 0 are shown in Fig. (3) . All data on the maps presented in Fig. (3) is obtained by spanning the spectral range [400 nm-1200 nm] in 3 nm steps using the FEM approach described in Sec. II. At constant equivalent slab thickness of silicon of 500 nm, the J k g 400 ð0; 0; 0Þ of the considered array at normal incidence as a function of the lattice constant and the rod radius exhibits a maximum of 16:50 mA=cm 2 , as shown in Fig. 3(a) . It is located at ða; r 0 Þ ¼ ð450; 0:192Þ. For comparison, a 500 nm thick slab of bulk silicon on a quartz substrat leads to a short circuit current J k g 400 ð0; 0; 0Þ of only 4:45 mA=cm 2 . These optimum structural parameters found at normal incidence are close to the optimum parameters obtained when considering the solar spectral density collapsed into a single angle of incidence/polarization ðh 0 ; u 0 ; w 0 Þ ¼ ð45 ; 0 ; 0 Þ as depicted in Figs. 3(b) and 3(c), i.e., in both p and s-polarization cases. Light trapping in this simple 2D photonic crystal arises from two effects. One is the deflection of incident light into partially transverse directions by the 2D diffraction grating structure. Light of a given incident wavevector k i is deflected (provided that energy is conserved) into direction k i þ G k;n , where fG k;n g are the set of reciprocal lattice of the 2D PC. The second trapping effect is the result of Fabry-Perot resonances due to internal reflection of light at the PC-air interface and the PC-substrate interface. As a and r 0 varied, for a fixed equivalent bulk thickness of silicon, the overall rod height (vertical thickness of a 2D PC layer) varies, and the nature of these resonances also changes. The same study is conducted for a different equivalent bulk slab thicknesses of 211 nm (Figs. 3(d) and 3(e)). The optimum set of parameter is now found to be ða; r 0 Þ ¼ ð350; 0:233Þ and leads to a J k g 400 ð0; 0; 0Þ of 11:76 mA=cmsilicon on a quartz substrate leads to a short circuit current J k g 400 ð0; 0; 0Þ of only 3:57 mA=cm 2 . In summary, for nanowires arrays, in the form of 2D square PC lattice, embedded in silica, placed on a quartz substrate, a lattice constant between 350 nm and 450 nm together with a radius between 0.192a and 0.233a provides the optimal set of parameters for solar light absorption for an equivalent slab thickness of silicon between 200 nm and 500 nm. In what follows, we use the results of the optimized 2D photonic crystals as a benchmark to evaluate the performance of more sophisticated 3D photonic crystal designs. 
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IV. 3D PHOTONIC CRYSTALS OF MODULATED NANOWIRES
Strong light-trapping properties, together with more intense light concentration and slow group velocity effects, are available in three-dimensional photonic crystals. A simple sinusoidal modulation of the rods, forming a 3D photonic crystal with simple cubic symmetry, enhances the short circuit current of the square lattice nanowires array discussed in Sec. III. With the same amount of silicon, modulated nanowires have the ability to trap sunlight more effectively. We consider a modulation of the form a ½r 0 þ r m cosð2 pz=a z Þ of the radius of each circular rod, where r m and a z are variational parameters. The resulting simple cubic PC has a lattice constant along the zÀaxis denoted a z , while the amplitude of the modulation is denoted r m . Fig. 4 shows the evolution of J k g 400 ð0; 0; 0Þ, J k g 400 ð45; 0; 0Þ, and J k g 400 ð45; 0; 90Þ as functions of a z given in nanometers and r m given as a fraction of the lattice constant a x ¼ a y ¼ a. The values of the color maps correspond to short circuit current normalized with respect to their optimized unmodulated counterparts of the same equivalent slab thickness of 500 nm (see Figs. 3(a)-3(c) ). The flat lines of constant J in the lower part of Figs. 4(a)-4(c) show the weak effect of a slight radial modulation. Indeed, the corresponding structures represent a slight modification of the nanowire topologies studied in Sec. III. For r m ! 0:06 and a z < 400 nm, the nanowire modulation leads to an enhancement of the reflectivity of the structure due to the emergence of photonic stop gaps. This trend is particularly noticeable in the strong modulation r m ¼ 0:12 case at normal incidence (dashed black line on Fig. 4(a) ). Reflectivity rðk; 0; 0; 0Þ and the overall reflection R 1200 400 ð0; 0; 0Þ as defined in Eq. (6) are shown for various structures in Fig. 5 . While a z decreases, keeping r m ¼ 0:12 constant, the reflectivity peaks broaden and their amplitudes increase to nearly unity. This strong modulation leads to a drastic increase of the overall reflectivity of the nanowire array, making this choice of parameters unsuitable for the main solar absorber. A more moderate modulation, on the other hand, provides enhanced solar absorption due to light-trapping. Strong modulation is utilized in the base section of the nanowire, below the main solar absorber and (as shown in Sec. VI) serves as a dielectric back-reflector.
The photonic band diagrams for both the most reflecting configuration ða; a z ; r 0 ; r m Þ ¼ ð350; 292; 0:233; 0:12Þ and the most absorbing configuration ða; a z ; r 0 ; r m Þ ¼ ð350; 730; 0:233; 0:06Þ are shown in Fig. 6 . They are calculated for the corresponding infinite photonic crystals along the edge of the first Brillouin zone using a finite element scheme. 42 These photonic band structures take into account the frequency dependence of the real part of the dielectric function of c-Si through the so-called cutting surface method. 43 Normalized frequencies higher than a=k ¼ 0:7 (k ¼ 500 nm) are not depicted since the corresponding absorption lengths become smaller than 3 lattice constants a. As shown in Fig. 7 , the configuration ða; a z ; r 0 ; r m Þ ¼ ð350; 730; 0:233; 0:06Þ offers a much higher density of electromagnetic modes to the incident plane wave than the configuration ða; a z ; r 0 ; r m Þ ¼ ð350; 292; 0:233; 0:12Þ. The configuration ða; a z ; r 0 ; r m Þ ¼ ð350; 730; 0:233; 0:06Þ leads to an improvement of the short circuit current J k g 400 of 8.5% at normal incidence and 16.6% (resp. 9.3%) at 45 -oblique incidence in the s-(resp p-) 2012) polarization case compared to the optimized straight nanowire photonic crystal with the same equivalent bulk thickness of silicon. The physical explanation for this enhancement depends on the spectral window. Consider the p-polarization case at oblique incidence h 0 ¼ 45 . In the visible range ½400 nm; 750 nm, the contribution to the overall photocurrent J 750 400 ð45
; 0; 0Þ is enhanced by a factor 9.4%. This occurs since the top of the modulated nanowire (MN), shaped as a truncated nanocone, enhances the absorption of light in the bluish part of spectrum. This is to be detailed in Sec. VII.
The most absorptive modulated nanowire structure consists of 4 vertical periods of a simple cubic photonic crystal. The frequency-dependent total electromagnetic DOS of this photonic crystal is depicted in red in Fig. 8(a) . It is calculated using the iso-frequency surfaces in the first Brillouin zone of the first 50 photonic bands of the photonic crystal. The dielectric dispersion of silicon is taken into account using the cutting surface method. The solid vertical bars in Fig. 8(a) indicate the spectral range covered by each of the fifteen first bands. The angular absorption spectrum aðk; h 0 ; 0; 0Þ of the four periods thick photonic crystal slab is presented in Fig. 8(b) .
In the spectral range [400 nm-700 nm], the absorption of the MN slab remains very high for angles of incidence lower than 30 . The incident solar intensity is maximum over this range, and our 3D photonic crystal slab is designed with a high density of states to accommodate incoming sunlight at these wavelengths. Since the absorption length of silicon remains short in the visible range, the MN slab provides a good response in the visible range for any incident angle.
Above 750 nm, both the absorption and the DOS drop. However, multiple high absorption peaks as a function of frequency emerge at off-normal incidence, even for very 2012) small values of h 0 . This is due to the so-called PIR 31 from multiple photonic bands. Consider, for instance, the two elongated greenish streaks of Fig. 8(b) surrounded by white rectangular boxes. The streak surrounded by the plain (resp. dashed) rectangle is due to PIR from band 10 (resp. 7). PIR effect over a wide angular range arises when the surfaces of constant frequency in the electromagnetic dispersion xðkÞ are "flat" in the space of wave vectors k. One property of simple cubic 3D photonic crystals is the prevalence of the flat iso-frequency surfaces, over a broad range of frequencies and wave-vectors, starting from the second or third photonic band and extending to higher frequencies. The overall iso-frequency surfaces may exhibit a cube-like shape, reflecting the underlying symmetry of the photonic crystal. To illustrate this, two particular k-points, marked by the black lines in Fig. 8(b) , are considered. The first k-point ð0:030 ; 0 Þ. As depicted in Fig. 9 (a) (resp. Fig. 9(b) ), the iso-frequency surfaces of band 10 (resp. band 7) are very flat at both k-points marked by the intersection of the two solid (resp. dashed) black lines. The propagation directions of these Bloch modes are given by the direction of the group velocity at these Bloch vectors. Since the group velocity v g r k , the direction of energy flow in the photonic crystal is perpendicular to the tangential surface of the iso-frequency surface. Due to the flatness of the iso-frequency surfaces, the direction of the group velocity is nearly parallel to the air/PC slab interfaces. Moreover, this group velocity in nearly flat dispersion bands xðkÞ is considerably less than that in a homogeneous medium with the same average dielectric constant. Accordingly, we obtain a very long dwell time for an incident plane wave even in a relatively thin film of photonic crystal. Figures 9(c) and 9(d) show the square of the norm of the total electric and the real part Poynting vector in the four periods-thick photonic crystal for incident plane waves corresponding to the previous Bloch modes. The direction of the Poynting vector points towards increasing values of x in both cases. The group velocity also points in the direction opposite to the Bloch vector. Clearly, the incident incident plane waves are coupled to resonant PIR modes in both the cases. In summary, modulating the radius of circular rods arranged in a square lattice to form a simple 3D cubic PC enables multiple PIR resonances. This leads to the enhancement of the short circuit current J k g 750 by trapping light into slow modes propagating parallel to the interfaces of the slab. The performance of this light trapping scheme is compared to another recently proposed photonic crystal solar cell architecture in Sec. V.
V. COMPARISON WITH OTHER ULTRA-THIN PHOTONIC CRYSTAL NANOSTRUCTURE
An alternative ultra-thin film diffractive solar architecture was recently proposed by Mallick et al. 21 As depicted in Fig. 10(a) , this square lattice photonic crystal consists, along the direction of propagation of light, of (i) a 70 nm thick patterned silicon nitride antireflective layer, (ii) two stacked concentric nano-hole arrays in silicon of same period 600 nm but different diameters corresponding to an equivalent bulk thickness of 211 nm, (iii) a 400 nm thick silicon dioxide spacer, and (iv) a silver back-reflector. The optical performance of this device was retrieved using our finite element scheme and formalism described in Sec. II, and the values found in Ref. 41 for the optical constants of materials. The short circuit current at normal incidence is found to be J claimed by the authors. We find that 4.6% of the usable solar spectrum [400 nm-1200 nm] is lost by absorption in the silver back-reflector. 42% of the solar power is absorbed in the silicon region and is available to produce photocurrent, and the remainder is reflected. The physical explanation of this high solar absorption with such little silicon lies in the strong coupling of incident light to modes of the waveguides formed by the two nanoholes arrays. This coupling is strongly enhanced by the presence of the silver back-reflector. Indeed, the light trapping scheme relies on the ability of this structure to deflect an incident k-vector into off-normal non-zero diffraction orders that travel into the spacer. The diffracted light is then reflected by the silver back-reflector and finally coupled into the guided modes of the silicon nano-hole slabs. Without any backreflector, i.e., considering the stacked nano-holes array lying on a semi-infinite substrate of silicon dioxide, the short circuit current at normal incidence drops to 12:04 mA=cm 2 . This is still substantial given that the equivalent bulk thickness of silicon is only 211 nm. A modulated silicon nanowires array (embedded in SiO 2 ) with the same equivalent bulk thickness of 211 nm, but with no silicon nitride antireflection layer and with modulation parameters ða; a z ; r 0 ; r m Þ ¼ ð350; 310; 0:233; 0:05Þ, has a slightly stronger short circuit current at normal incidence of 12:56 mA=cm 2 . The absorption spectrum of the structure in Ref. 21 without any silver back-reflector and the absorption spectrum of the MN array with ða; a z ; r 0 ; r m Þ ¼ ð350; 310; 0:233; 0:05Þ are represented in Fig. 11 in black and green, respectively. Even in the absence of any antireflection layer or back-reflector, our modulated silicon nanowire array, operating purely with the parallel-to-interface refraction mechanism for light trapping, is competitive with state-of-theart architectures.
VI. BACK-REFLECTION WITH CHIRPED PHOTONIC CRYSTAL MIRROR
As detailed in Sec. IV, a strong modulation of the radii of the nanowires creates wide 1-D stop gaps in the photonic band structure of the modulated nanowires. Consequently, strong modulation in the base of the nanowire can be used for broadband back-reflection. As suggested in Fig. 5 , the spectral range of reflection can be tuned with a z or other parameters. In this section, a chirped modulation is introduced in order to enlarge the bandwidth of back-reflection. We consider two families of chirped modulated nanowires. One consists of a chirped vertical periodicity while keeping ða; r 0 ; r m Þ ¼ First, the back-reflection performance of the two chirped structures is analyzed solely, i.e., without any MN structure above. An incident plane wave enters these chirped structures until it meets the period corresponding to a stop-gap for its wavelength, where it is reflected. Since this back-reflector (BR) is made of silicon, it not only prevents transmission but also contributes to a high absorption. As shown in Fig. 12(c) in blue, the r 0 -chirped structure presents very low transmission in the visible range. The transmission tðkÞ remains 
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G. Dem esy and S. John J. Appl. Phys. 112, 074326 (2012) lower than 3.5% from 400 nm to 897 nm, the rest of the incident field being either reflected or absorbed. In this spectral range [400 nm-897 nm] and at normal incidence, the fractions of incident power reflected, absorbed, and transmitted are, respectively, R 897 400 ð0; 0; 0Þ ¼ 54%, A 897 400 ð0; 0; 0Þ ¼ 45:7%, and T 897 400 ð0; 0; 0Þ ¼ 0:3%. As depicted in Fig. 12(d) , the a zchirped architecture is less reflective, but more absorptive than the r 0 -chirped one. In the spectral range [400 nm-897 nm] and at normal incidence, the fractions of incident power reflected, absorbed, and transmitted are, respectively, R The performance of any chirped modulated nanowire BR alone is worse than that of a silver BR in terms of pure backreflection into the MN structure. Indeed, light penetrates the BR to a significant depth, resulting in higher absorption and lower reflectivity. However, the fundamental difference from a silver layer is that absorption in the CMNBR structure made of silicon can ultimately participate in the photocurrent, whereas the power dissipated by Joule heat inside the silver BR is wasted.
The configuration MN þ a z -CMNBR (resp. MN þr 0 -CMNBR) leads to an overall J k g 400 ð0; 0; 0Þ ¼ 25:81 mA=cm 2 (resp. 25:19 mA=cm 2 ). Both structures are encased in SiO 2 , sit on a quartz substrate, and have an equivalent bulk thickness of 1942 and 1338 nm, respectively. The top MN structure has a contribution of 19:39 mA=cm 2 (resp. 19:16 mA=cm 2 ) to this value. It means that the a z -CMNBR (resp. r 0 -CMNBR) enhances the contribution of the MN segment to the short circuit current by 11.5% (resp. 10.2%). This is less than the 23% enhancement due to a silver layer back-reflector. Nevertheless these CMNBR structures serve as dielectric back-reflector by increasing the absorption inside the MN segment above them. More importantly, they provide supplementary electron-hole pairs ultimately participating to the photocurrent, from photons at wavelengths that were previously transmitted by the MN structure. Reflection, transmission, and absorption spectra of the MN þ a z -CMNBR (resp. MN þr 0 -CMNBR) structure are represented in Fig. 12(f) (resp. Fig. 12(e) ). The individual contributions of the MN structure and the a z -CMNBR structure (resp. r 0 -CMNBR) to the total absorption spectrum are elucidated in Fig. 12(h) (resp. Fig. 12(g) ). For the tandem structures described above, a rather long Bragg reflector (involving a large amount of silicon) was considered for illustrative purposes. As we show later, a much shorter dielectric mirror segment can produce almost the same maximum achievable photo-current density in an overall structure with about only 1lm of equivalent bulk thickness of silicon.
From a purely numerical point of view, MN þ a z -CMNBR leads to a slightly higher short circuit current of 25:81 mA=cm 2 using a smaller amount of material. From an experimental point of view, the MN þ r 0 -CMNBR is more stable since the basis of each pillar is thicker. Also, the modulation amplitude r m of the MN þ r 0 -CMNBR is weaker than that of the MN þ a z -CMNBR structure (0.06 instead of 0.12).
VII. ANTIREFLECTION NANOCONES
For the structures considered above, sunlight traverses directly from air into a high refractive index photonic crystal consisting of silicon nano-rods embedded in SiO 2 . Consequently, a considerable amount of sunlight undergoes specular reflection at the air to solid interface. Considerable improvement in solar absorption can be realized using a graded effective index of refraction rather than a large abrupt change in the index. An effective graded-index profile can be obtained, for instance, using subwavelength arrays of nanocones. Their anti-reflection properties have been intensively studied both numerically and experimentally. 22 Recently antireflective properties of such conical coatings were studied in a whole range of size-to-wavelength ratios, including effective medium and geometric optics regimes. For practical purposes, the MN þ r 0 -CMNBR structure is considered in what follows. A linear modulation of the radius r 0 of nanowires leads to the formation of nanocones at the top of each modulated nanowire as shown in Fig. 15 . We consider a specific illustration where the height of each nanocone is chosen to be 1385 nm. This slight gradation of the average refractive index with depth provides an anti-reflective (AR) effect. Indeed, the overall reflectivity at normal incidence R k g 400 ð0; 0; 0Þ drops from 28.4% to 24.5% when adding this AR coating at the top of the MN þ r 0 -CMNBR configuration. The overall reflection is still relatively large since the silicon nanocones are embedded in the SiO 2 background, which presents a sudden jump in the refractive index at the air to solid interface. In addition to the resulting specular reflection, substantial reflection is caused by the chirped Bragg mirror segment at the bottom of the nanowire.
From the electronic perspective, the very thin tips of the nanocones may be useful in harnessing "hot" electrons (with energy far above the bottom of the electronic conduction band of silicon) before they have had time to lose energy by thermalization processes. This thermalization is the cause of loss of approximately one-third of electrical power from incoming sunlight. By placing electrical contacts sufficiently close to the point of hot carrier generation, it may be possible to harness this additional power. Indeed, a large fraction of the high energy (blue-green) solar spectrum is absorbed in the nanocone segment of our silicon nanowires. For charge carrier separation and collection, a radial P-N junction is ideal.
For the configuration AR þ MN þ r 0 -CMNBR, the short circuit current is enhanced to J k g 400 ð0; 0; 0Þ ¼ 27:17 mA=cm 2 . This is an additional 7.9% enhancement compared to the previous case without any AR shaping. This result is obtained using a SiO 2 background that fills all intersticial regions between the silicon nanowires and which forms a flat surface at the tip of the nanocones. Considerable further improvement is likely if the SiO 2 -air boundary is itself modulated to provide a more gradual increase in the average refractive index with depth.
The equivalent bulk slab thickness of silicon of the MN þ r 0 -CMNBR structure described above is 1943 nm, whereas equivalent silicon slab thickness of the MN photonic crystal segment is only 500 nm. Clearly, the back-reflector segment consists of a very large amount of semi-conductor material. The height of the chirped modulated pillars forming the back-reflector alone is now 3:92 lm. Our numerical studies reveal that the similar performance can be obtained using a much smaller amount of silicon for the back-reflector. Indeed, with only four periods (a z ¼ 300 nm) of the r 0 -chirped modulation for the back-reflector (that is a height of 1:2 lm instead of 3:92 lm), the short circuit current becomes J . This modified nanowire profile is depicted in Fig. 14(c) .
In summary, modulation of the radius of the classical nanowires to form a 3D simple cubic PC slab exhibits a broad-band parallel-to-interface refraction effect, leading to an enhanced light trapping and absorption. Adding a dielectric back-reflector based on a chirped modulation of the radius of the nanowire improves solar absorption in the light trapping region above and provides supplementary PIR effects at longer wavelength. Adding an antireflective nanostructure at the top consisting of nanocones improves absorption in the blue region of the spectrum and creates a reservoir of "hottest" electrons localized within a confined volume within the tip of the nanocone. The antireflective nanocones also act as a coupler for incident light in free space into PIR modes at longer wavelength.
VIII. COMPARISON WITH OTHER NANOWIRE ARCHITECTURES
In this section, we compare the solar absorption of our optimized modulated photonic crystal with other optimized unmodulated nanowires or nanocones with the same equivalent bulk thickness (1040 nm) of silicon. This comparison accentuates the significance of the high density of sharp optical resonances associated with parallel interface refraction. For the 2D photonic crystal of straight-walled nanowires, the parameters used are optimized for maximum absorption as detailed in Sec. III, i.e., a x ¼ a y ¼ 350 nm and r 0 ¼ 0:233, while their height is adjusted to produce an equivalent bulk thickness of 1040 nm, i.e., h ¼ 6075 nm. As a second reference case, we consider a 2D square lattice of pure nanocones (see Fig. 14(b) ) of silicon. The nanocones shape is optimized to provide maximum solar absorption. The geometry of the nanocones slab is described by a x ¼ a y ¼ 350 nm while the radius linearly decreases from r 0 ¼ 0:49 at the bottom of the rod to r 0 ¼ 0 at the top of the structure. The height of the nanocone is set to h ¼ 4132 nm so that the equivalent bulk silicon thickness is 1040 nm. Figs. 14(a) and 14(b) show cross sections in the plane (xOz) or (yOz) of two lattice constants of the conventional nanowires and nanocones, respectively. Fig. 14(c) depicts the optimized architecture found in Sec. VII with a reduced thinner r 0 -chirped modulated back-reflector.
For comparison, we note that a simple unstructured 1040-nm-thick slab of silicon resting on a quartz substrate leads to a short circuit current under normal illumination of J k g 400 ð0 ; 0 ; 0 Þ ¼ 8:8 mA=cm 2 . Shaping this semi-conductor material into an optimized 2D PC of straight-walled conventional nanowires leads to a 235% enhancement with short circuit current of J k g 400 ð0 ; 0 ; 0 Þ ¼ 20:7 mA=cm 2 . A simple but optimized modulation of the wire radius along the vertical direction to form nanocones (see Fig. 14(b) ) leads to a short circuit current J k g 400 ð0 ; 0 ; 0 Þ ¼ 22:1 mA=cm 2 . This is an additional 6.8% enhancement. Finally, our proposed MNR structure (Fig. 14(c) ) with a short circuit current J k g 400 ð0 ; 0 ; 0 Þ ¼ 25:9 mA=cm 2 represents a 17.2% further enhancement compared to the nanocones. This enhancement is due to the parallel-to-interface refraction light trapping mechanism. FIG. 15 . Detailed angular and polarization-resolved absorption characteristics of the AR þ MN þ r 0 -CMNBR structure. The value of unity (dark red) corresponds to 100% absorption of sunlight at a particular wavelength k and incident angle h 0 . The total absorption aðk; h 0 ; 0 ; 0 Þ (resp. aðk; h 0 ; 0 ; 90 Þ) is presented in (d) (resp. (h)) as a color map in the p-polarization (resp. s-polarization) case. The fraction of total absorption occurring in the AR region in detailed in (a) (resp. (e)), in the MN region in (b) (resp. (f)), in the r 0 -CMNBR region in (c) (resp. (g)).
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In general we find that for thin film (with equivalent bulk thickness of silicon of about one micron or less) the sinusoidally modulated nanowires with PIR outperforms other architectures with the same amount of silicon. For the case of thicker films (with much more than one micron equivalent bulk thickness of silicon), there are a number of competing architectures with comparable performance.
IX. ANGULAR RESPONSE OF SIMPLE CUBIC NANOWIRE PHOTONIC CRYSTAL
Among the most noteworthy characteristics of the sinusoidally modulated nanowire photonic crystal is its exceptionally good performance over a broad range of incident angles (from zero to 80 relative to the normal). In this section, the role of each segment of the composite structure AR þ MN þ r 0 -CMNBR (depicted at the top of Fig. 15 ) is analyzed by calculating the angular response of the total device. We show that each segment of the nanowire targets absorption in separate parts of the solar spectrum presented on Fig. 1 .
Absorption at shorter wavelengths [400 nm-500 nm] is specifically achieved by the antireflective nanocones at the top of each nanowire (depicted in blue on the sketch of Fig. 15 ). These nanocones perform two main functions. First, they enable excellent absorption in this spectral range, over a broad range ½0 ; 70 ; of incident angles h 0 for both s and p-polarization, as shown in Figs. 15(a) and 15(e). These high energy photons generate "hot" carriers in a small volume at the tip of each cone. The collection of these hot electrons prior to thermalization can significantly enhance the electrical efficiency of solar cells. Second, the nanocones enhance the coupling of longer wavelength photons from free space to the lower segments of the nanowire array. In the middle wavelength range [500 nm-900 nm], light trapping and absorption is facilitated by a high density of sharp PIR resonances in the simple cubic 3D photonic crystal directly underneath the nanocones. These resonances cover a broad range of wavelengths and can be activated from a wide range of incident angles. This is depicted in Figs. 15(b) and 15(f) . Enhanced absorption is due to the flatness of several photonic bands and associated "slow light" as detailed in Sec. IV. The optical absorption in this segment of the photonic crystal (MN) also benefits from the broadband backreflection provided by the r 0 -CMNBR photonic crystal placed directly underneath. At wavelengths close to the electronic band gap of silicon [900 nm-1100 nm], the r 0 -CMNBR structure becomes the main absorber, as shown in Figs. 15(c) and 15(g) . The resonances here can be attributed to parallel to interface refraction as well.
X. COMPOSITIONAL MODULATION Si x Ge 1-x IN BRAGG MIRROR
While the 3-segment nanowire photonic crystal described in previous sections are effective in trapping and absorbing sunlight of wavelengths shorter than 1000 nm, a substantial fraction (nearly 20%) of the solar power consists of photons with energy below the electronic band gap of crystalline silicon. Long wavelength light of this nature is neither trapped effectively nor absorbed in a purely silicon nanowire. Traditional multi-junction solar cells 44 attempt to harness this broader spectrum of light by stacking in series different semiconductor materials with sequentially lower electronic band gaps. In this section, we consider an additional compositional chirp of the structurally chirped Bragg mirror segment at the bottom of each nanowire. This has a two-fold effect. On the electronic side, it causes a continuous shift of the electronic band gap from that of silicon at the top of the chirped Brag mirror section of the nanowire to that of germanium at the bottom. On the optical point of view, it provides a wider frequency shift (with depth in the nanowire) of the 1D photonic stop gap. The larger refractive index of germanium allows a broader range of frequencies to experience back-reflection by the chirped dielectric mirror. The expanded absorption spectrum of the doubly chirped nanowire leads to a significant increase in the maximum achievable photo-current density. In this paper, we do not consider strategies to optimize the open circuit voltage and the overall efficiency of the resulting solar cell.
The structure referred to as AR þ MN þ r 0 -CMNBR (equivalent bulk thickness of 1943 nm) shows good performance for photons of energy greater than the 1.124 eV, the electronic band gap of silicon. In order to extend its performance to the near infrared, we consider a compositional chirp using silicon-germanium Si x Ge 1Àx alloys in the base section of our nanowire solar cell.
In particular, we consider the AR þ MN þ r 0 -CMNBR long nanowire structure (equivalent bulk thickness of 1943nm) embedded in silicon dioxide and replace the silicon r 0 -CMNBR back-reflector by the alloy Si x Ge 1Àx , keeping the same geometric properties. The graded index profile is numerically implemented along the 3923 nm height of the chirped back-reflector segment as follows. This height is divided into eleven slices of 357 nm each so that the upper slice is made of pure silicon (x ¼ 0) and the lower slice is made of pure germanium (x ¼ 1). The n-th slice, counting from the top, is then made of Si 1Àn=10 Ge n=10 for n 2 f0; 1; 2; 3; 4; 5; 6; 7; 8; 9; 10g. A smoothing polynomial function is applied between two slices and the thickness of the transition between two slices is set to 100 nm.
The absorption spectra at normal incidence of individual nanowire segments, a AR (in blue), a MN (in green), and a BR (in red), of the AR þ MN þ r 0 -CMNBR structure are depicted in Fig. 16 , together with (in black) the total absorption spectrum. Replacing the Si back-reflector with a Si x Ge 1Àx alloy back-reflector increases the short circuit current density J 1800 400 ð0 ; 0 ; 0 Þ from 27:17 mA=cm 2 to 33:79 mA=cm 2 . This is a 24.4% enhancement in solar absorption. The contribution from the antireflective nanocones to the overall absorption of light is 30%, whereas the middle section of modulated nanowires contributes 39% and the graded-index back-reflector contributes 31%. It is likely that a modification of the compositional profile to include a region of pure germanium would enable additional absorption peaks at wavelengths longer than 1:6lm. However, a strategy is required to prevent the flow of carriers generated in silicon-rich regions into the germaniumrich regions where the open circuit voltage across the P-N junction is considerably less than that in pure silicon. Such a short circuit path for the photo-current would seriously reduce the power efficiency of the solar cell.
XI. CONCLUDING REMARKS
In summary, we have illustrated a specific design, based on modulated nanowires, of a 3-D, thin-film, simple cubic photonic crystal exhibiting solar light trapping. This particular design enables absorption of 75% of all available sunlight in the 400 nm-1200 nm spectral range, from nearly any angle of incidence, using only one micron of equivalent bulk thickness of crystalline silicon. It would be of considerable interest to compare this solar absorption characteristic to other 3D simple cubic photonic crystal exhibiting strong parallel to interface refraction. These include modulated pore designs, 31 simple cubic woodpiles, 45 and slanted pore photonic crystals. 46 These alternative light-trapping architectures may require different P-N junction geometries, unlike the radial P-N junction proposed for our nanowire array.
Our modulated nanowire arrays are all packaged in a silicon dioxide matrix that fills all the interstitial regions between the nanowires up to the tip of the nanocones. The resulting flat-top SiO 2 -air boundary at the tip of the nanocones leads to considerable reflection of sunlight. In the absence of this SiO 2 matrix, the MAPD are improved by approximately 15% (see Fig. 13 ). A similar gain in short circuit current density is expected with an improved antireflection strategy near the top of our nanowires.
Our structure absorbs 75% of sunlight in the 400 nm-1200 nm range without recourse to any metallic mirror at the base of the nanowire array. The addition of a metallic mirror would add to the cost of the structure and add only slight improvement in the MAPD. Another important consideration is the optical response of the metallic contacts placed around each nanowire to collect the generated photocurrent. Such contacts may improve light focussing and absorption characteristics, but some part of the additional absorbed energy may be lost to Joule heating in the contact.
To estimate the overall power efficiency of the modulated nanowire photonic crystal solar cell, it is important to couple the solution of Maxwell's equations to the semiconductor drift-diffusion equations 47, 48 governing the charge carrier transport within the nanowire. Given our overall light absorption, typical non-radiative recombination losses, and open-circuit voltages in the silicon solar cells, we anticipate an overall power efficiency in the range of 15%-20% (Ref. 47) in our photonic crystal with only one micron of equivalent bulk thickness of silicon. Although our nanowires involve a large amount of surface area, the surface recombination velocity at the Si À SiO 2 surface is typically in the range of 100-1000 cm/s. 49, 50 Employing a modulated radial P-N junction geometry that efficiently separates charge carriers, the solution of the semiconductor drift-diffusion equations demonstrates minor recombination at the Si-SiO 2 boundary. 47 The majority of nonradiative recombination occurs near metallic contacts where the corresponding surface recombination velocity is several orders of magnitude larger. A 15%-20% power efficiency would be a significant improvement relative to commercial silicon solar cells employing 300 microns in thickness of unstructured silicon. This estimate is based on the assumption of instantaneous thermalization of photo-generated carriers. On the other hand, a substantial fraction of electron-hole pairs in our nanowire array are generated in the nanocone section of the wire. With a suitably placed contact, such carriers may only need to drift tens of nanometers, with incomplete thermalization prior to collection. Such "hot carrier" collection would improve further the overall power efficiency of the solar cell.
In a silicon solar cell, roughly 19% of the incident solar power is lost due to photons of energy below the indirect electronic band gap of silicon. Our simple illustration of using a Si-Ge alloy at the base of the nanowires to absorb these low energy photons comes at the cost of a substantial drop in the operating voltage of the solar cell. Alternatively, it may be possible to up-convert these low-energy photons using non-linear effects in the glass matrix surrounding the nanowires. This may be achieved by doping the glass matrix with rare earth ions [8] [9] [10] that cause a pair of low energy photons to combine and be up-converted to a single high energy photon above the electronic band gap of silicon. This type of non linear process may be greatly enhanced by the highintensity focussing of light and the slow group-velocity modes of the photonic crystal optical resonances. A combination of a solar concentrator, above the nanowire array, with factor of 150 light intensity enhancement in certain regions due to photonic crystal focussing effects may have dramatic consequences for reshaping of the solar spectrum in the silicon nanowires for enhanced power efficiency.
In conclusion, thin-film photonic crystals solar cells offer a number of important opportunities for enhanced photonic and electronic management in nano-structured photovoltaic devices. These include light trapping over a broad spectral and angular range, spectral reshaping of the solar FIG. 16 . Absorption spectra at normal incidence for AR þ MN þ r 0 -CMNBR structure, where r 0 -CMNBR has a Si x Ge 1Àx graded index profile in depth. The contribution to the total absorption (in black) from the antireflective nanocones (a AR ) is represented in blue, the one from the PIR modulated nanowire (a MN ) in green, and the one from the Si x Ge 1Àx graded index back-reflector (a BR ) in red. The resulting short current density J 1800 400 ð0
; 0 ; 0 Þ is 33:79mA=cm 2 : 30% coming from the nanocones, 39% coming from the PIR modulated nanowires, 31% coming from the Si x Ge 1Àx graded index backreflector. The nanowire photonic crystal is embedded in SiO 2 and sits on a quartz substrate. spectrum, and "hot carrier" collection, all within a single integrated nano-structure. While our discussion has focussed on silicon solar cells, similar considerations may apply to other materials, such as GaAs, CdTe, organic, and dye-sensitized TiO 2 devices.
